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Observation by Optically Detected Magnetic Resonance of Frenkel Pairs in Irradiated ZnSe
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Optical detection of magnetic resonance is reported for three distinct zinc-vacancy-zinc-
interstitial Frenkel pairs in ZnSe produced by 2.5-MeV electron irradiation at 4.2 K. One is detect-
ed as distant-donor—to-Frenkel-pair recombination in luminescence at ~ 600 nm. The other two
are detected as localized-triplet recombination luminescence at ~ 800 nm. The emitting excitonic
state is analyzed as a hole on the zinc vacancy with an exchange-coupled electron on the nearby in-
terstitial zinc. From this, the EPR properties of the isolated interstitial zinc donor are deduced.

PACS numbers: 76.70.Hb, 61.70.Br, 78.55.Ds

The Frenkel pair—an interstitial host atom trapped
near its vacant lattice site—can be considered the fun-
damental lattice excitation of a perfect crystalline solid.
It plays the same central role for the lattice structure
that the exciton—a bound electron-hole pair—plays as
the fundamental excitation for the electronic structure
of the solid. In this Letter, we report optical detection
of magnetic resonance (ODMR) of three distinct
zinc-vacancy-zinc-interstitial Frenkel pairs in ZnSe
(differing in the separation between the constituents).
We believe that this represents the first unambiguous
identification of an optical transition associated with
this fundamental defect in any solid.

Frenkel pairs have previously been identified in
ZnSe by electron paramagnetic resonance (EPR).1'2 In
those studies five distinct S=‘7 centers, labeled V,
yl vyl and VIV, were observed after 1.5-MeV
electron irradiation at 20.4 K. V was identified as aris-
ing from a hole trapped at the isolated zinc-lattice va-
cancy (¥~) and the others as zinc-vacancy hole
centers each perturbed by a nearby interstitial Zn**
ion in a different nearby lattice position. From the
symmetry of the spectra, their behavior under uniaxial
stress, their alignment versus beam direction, and
their annealing properties, specific Frenkel-pair
models were suggested for several of the centers.

The isolated vacancy was found to be stable at room
temperature, making it possible to identify its optical
properties unambiguously by optical detection of mag-
netic resonance in both luminescence** and absorp-
tion.® From these studies, a detailed understanding of
the electronic structure of the isolated vacancy has
emerged. However, the Frenkel pairs are not stable
above cryogenic temperatures and the experimentally
more difficult in situ ODMR studies have not previ-
ously been attempted. Several luminescence bands
have'been reported in ZnSe after in situ electron irradi-
ation at cryogenic temperatures®=® which anneal in the
same general temperature region as the close pairs
seen in EPR. This was noted in the early EPR studies
and a tentative identification of these bands with the
zinc-lattice Frenkel pairs was suggested.l'210 It was
pointed out that these pairs might be very efficient

luminescence centers because of the charge compensa-
tion of ¥~ by the positively charged nearby zinc inter-
stitial. In this Letter, we describe in situ ODMR exper-
iments on these luminescence bands.

We have modified the cryostat of the 20-GHz EPR
spectrometer used in our previous EPR in situ irradia-
tion studies!! to provide the required optical access.
The sample was immersed in liquid helium and irradi-
ated by 2.5-MeV electrons to a fluence of ~ 5x 1016
e/cm?. It was then lowered to the center of a TEg;
microwave cavity and the helium pumped below the A
point (7T~ 1.5 K). Optical excitation of 5 mW was
provided by the 458- or 476-nm line of an argon-ion
laser through an optical fiber terminating at a point in
the cavity just above the sample. This fiber was
threaded through a concentric quartz capillary tube
(~ < in. diam x48 in. long) which served in turn as
a light pipe to guide the luminescence out of the cryo-
stat to an external detector. The incident microwaves
(~ 25 mW) were chopped with a ferrite modulator at
2 kHz and the synchronous changes in emission inten-
sity were detected in the direction perpendicular to the
magnetic field by means of a silicon photodiode (EGG
250 UV) for the visible radiation or a cooled germani-
um detector (North Coast EO-817) for the near-
infrared radiation.

The sample studied was a single crystal grown by va-
por transport in a sealed quartz ampoule. After purifi-
cation by ‘‘zinc extraction” (fired in liquid zinc for 70
h at 900 °C, and then quenched to room temperature),
the material was low-resistivity n type with an uncom-
pensated donor concentration of —~9x10%/cm’ as
determined by Hall measurements. The sample was
mounted so that irradiation could be performed with
the e~ beam approximately parallel to either the [111]
or the [111] direction.

In Fig. 1, the luminescence before and after in situ
irradiation is shown after correction for monochroma-
tor and detector response. After irradiation, the
luminescence intensity has increased greatly, revealing
broad bands at — 600 and — 800 nm. The band at
600 nm is preferentially excited with 458-nm excita-
tion, and the band at 800 nm, with 476-nm excitation.
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FIG. 1. Photoluminescence spectra at 4.2 K of ZnSe

(curve a) before and (curves b,c) after in situ 2.5-MeV
electron irradiation. Spectra a and b were taken with 5 mW
of 458-nm excitation, and spectrum ¢, with 5 mW of 476-nm
excitation.

With selection of the 600-nm band with a tunable
interference filter (Oriel Model 7155), ODMR reveals
a strong isotropic signal at g ~1.109 +£0.001 identified
with shallow donors,!%13 and a weaker complex aniso-
tropic set of lines near g =2 which are shown in Fig.
2(a). The angular dependence of these lines (shown
dashed in Fig. 3) reveals a (111) axially symmetric

= % center with the g values given in Table I. These
g values are identical within experimental accuracy to
those observed by EPR 23 for the V! Frenkel pair, for
which the dislodged Zn atom was deduced to be locat-
ed in a nearby (111) interstitial position. The 600-nm
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FIG. 2. ODMR spectra (Bll (111), T~1.5 K, v~20
GHz) in ZnSe after in situ 4.2-K electron irradiation. (a)
Spectrum detected near g ~— 2 in the 600-nm band; 458-nm
excitation. (b) Spectra detected in the 800-nm band; 476-
nm excitation.

luminescence and the V! ODMR signal disappear after
15-min isochronal annealing at — 80 K in agreement
with the V! EPR results. Also, strong preferential for-
mation of the ODMR centers aligned along the irradia-
tion beam direction is observed, in close correlation
with the EPR observations. We conclude therefore
that the 600-nm luminescence arises from radiative
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FIG. 3. Angular dependence of the ODMR lines, BL[0T1]. The curves are calculated with use of the spin-Hamiltonian
parameters given in Table I. (V1 dashed lines; A, heavy solid lines; B, light solid lines.) Inset: The principal axes of one of
the equivalent defect orientations for each spectrum.
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TABLE 1. Spin-Hamiltonian parameters for spectra V!,
A, and B. (See Fig. 3 for defect axes; D and A are given in
units of 10~4cm™".)

Spectrum y! A(VY) B(y)
Parameter
s > 1 1
g1 1.961(1) 1.954(1) 1.939(1)
22 2.205(1) 2.078(2) 2.081(2)
g3 2.205(1) 2.078(2) 2.075(2)
T (£1°) 0 0 0
D, Cee +98(2) +178(2)
D, Coee F49(1) F178(2)
D3 S F49(1) 0(2)
p(F1°) 0 —-10
74,1 135(10) 135(10)
177 Aol 75(5) 75(5)

recombination between an unperturbed distant donor
and the V! Frenkel pair, according to the decay
scheme

D'+ Vi Znt*— DY+ Vz~ZnFt+hv. (1)

This explains the observation of the S = 3 resonances
of both the donor (D® and the V! Frenkel pair
( VZ‘,,,Zn,+ *) in the excited emitting state.

Two additional strong anisotropic spectra were
detected in the 800-nm band. These are shown in Fig.
2(b). They are strongest with the magnetic field along
the [111] direction, their intensities falling rapidly as
the magnetic field is rotated away. They remain in-
tense enough, however, to follow through most of the
(011) plane and the angular dependence deduced is
shown in Fig. 3. The solid lines represent the calculat-
ed values for two distinct S=1 spectra, with spin
Hamiltonians

H=upS-g'B+S-D-S+ 3 S-A; 1, (2

The spin-Hamiltonian parameters for the spectra, la-
beled A and B, are given in Table I. For each spectral
line, satellite structure is resolved, Fig. 2(b), which we
identify as arising from hyperfine interaction with "’Se
(I=4%, 7.5% abundant). The outermost satellites cor-
respond in relative intensity to interaction at a single
Se site. They are resolved only for B approximately
parallel to (111) and the A4 value is recorded in Table I
as 74 ,. "4, in the table refers to the inner satellites
which show no variation with orientation and corre-
spond in intensity to approximately four equivalent
selenium sites.

An important clue to the interpretation of these
S =1 spectra is the observation that the anisotropy of
g and the value of 774, are very close to one half
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those for the isolated zinc vacancy.’ From this we
conclude that the luminescence in each case is from a
triplet excitonic state of a defect involving an S=+
hole on the zinc-lattice vacancy, and an S= ;—
exchange-coupled electron which resides nearby. For
such a system, the g and A4 values should reflect the
average of the separated electron and hole values,
similar to that recently reported for the triplet state of
copper—near-neighbor donor pairs in CdS.!* Anneal-
ing studies reveal that spectrum A disappears at ~ 140
K and spectrum B at — 180 K, along with the 800-nm
band, in close agreement with the EPR observation for
VIV and V1 respectively. The symmetries of the
spectra A and B coincide with those determined for the
S=21 VWV (near axial) and V™ (C,;,) EPR spectra,
respectively. (No detailed model was proposed for
VIV in the EPR studies, but VI was deduced to have
the zinc interstitial displaced in a (100) direction from
the vacancy.) Strong preferential orientation of both
ODMR spectra are observed versus e~ beam direc-
tion, also in direct agreement with the EPR observa-
tions.

We conclude therefore that the nearby electron trap
is the interstitial zinc atom and that the 800-nm
luminescence arises from a localized ‘‘charge transfer”’
or excitonic transition in which

VinIn — Vz =~ Znt+ + hv 3)

at the V'V (spectrum A) or V' (spectrum B) Frenkel
pair, respectively.

With this identification we can, in turn, deconvolute
the spectrum to estimate the EPR properties associated
with the interstitial Zn* state. Since the g values
should be the average of that for the hole on the va-
cancy and that for the interstitial zinc, we obtain an
isotropic value g, + =1.95.

The closer-in satellites in Fig. 2(b) correspond in in-
tensity to approximately four equivalent selenium sites
and appear isotropic Since no similar satellites are ob-
served for the zinc vacancy,’ we tentatively identify
them as arising from the four nearest-neighbor seleni-
um atoms surrounding the interstitial zinc. The
Aiso=75%x10"% cm™! corresponds to an isotropic
A=150x10"* cm~! for the four nearest selenium
neighbors associated with the S = 5 electron on the in-
terstitial zinc. This is an important bit of information,
because it appears to confirm that the zinc is in the in-
terstitial site surrounded by four Se atoms (rather than
the ionically less stable site surrounded by zinc atoms,
which also must be considered as a possible site in
low-temperature production studies).

The fine-structure term D potentially contains im-
portant additional information about the defect. In the
limit, for instance, of very weak overlap between elec-
tron and hole, the term should originate primarily
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from magnetic dipole-dipole interaction between the
two particles, providing, in turn, an estimate of the
distance of the interstitial from the vacancy. For ex-
ample, the D for spectrum A indicates a dipole-dipole
separation of 5.5 A (in rather close agreement with the
distance between the closest (111) stable interstitial
zinc site and its vacancy, which is 4.9 A). On the oth-
er hand, the large anisotropy of D for spectrum B is
difficult to understand in terms of dipole-dipole in-
teractions alone, suggesting the contribution also of
spin-orbit interaction at intermediate sites of overlap-
ping electron and hole wave functions. Further stud-
ies will be required before a reliable interpretation of
the D term is possible.

In conclusion, we have identified by ODMR studies
the luminescence associated with three distinct zinc-
vacancy-zinc-interstitial Frenkel pairs in electron-
irradiated ZnSe. The least-stable pair V! is seen in
distant-shallow-donor to deep-Frenkel-pair (actually
also a donor) recombination luminescence at 600 nm.
The other two pairs, V™ and V'V, are seen in an exci-
tonic or charge-transfer recombination at 800 nm in
which an electron on the nearby interstitial recombines
with a hole on the zinc vacancy. No signals have been
observed that are associated with the fourth Frenkel
pair detected by EPR ( V1),

The apparent two-particle character of the triplet ex-
cited states has allowed us to deduce in addition the
EPR properties of the zinc interstitial. To our
knowledge, this represents the first EPR or, in fact,
any spectroscopic information concerning an intrinsic
host interstitial atom in any semiconductor.

This research was supported by National Science
Foundation Grant No. DMR-80-21065 and by U.S. Of-
fice of Naval Research Electronics and Solid State Pro-

gram Contract No. N00014-84-K-0025.

1G. D. Watkins, Phys. Rev. Lett. 33, 223 (1974).

2G. D. Watkins, in Lattice Defects in Semiconductors 1974,
edited by F. A. Huntley, IOP Conference Proceedings No.
23 (Institute of Physics, Bristol and London, 1975), p. 338.

3K. M. Lee, Le Si Dang, and G. D. Watkins, Solid State
Commun. 35, 527 (1980).

4K. M. Lee, Le Si Dang, and G. D. Watkins, in Defects
and Radiation Effects in Semiconductors 1980, edited by R. R.
Hasiguti, IOP Conference Proceedings No. 59 (Institute of
Physics, Bristol and London, 1981), p. 353.

SD. Jeon, H. P. Gislason, and G. D. Watkins, Bull. Am.
Phys. Soc. 31, 504 (1986).

6B. A. Kulp and R. M. Detweiler, Phys. Rev. 129, 2422
(1963).

TR. M. Detweiler and B. A. Kulp, Phys. Rev. 146, 513
(1966).

8F. J. Bryant and P. S. Manning, J. Phys. C 5, 1914
(1972).

9F. J. Bryant and P. S. Manning, J. Phys. Chem. Solids 35,
97 (1974).

10Close Frenkel pairs have also recently been called upon
to account for transient broadened and shifted absorption
bands seen in NaCl by picosecond spectroscopy during the
evolution of separated halogen vacancies ( F centers) and in-
terstitial halogen atoms (H centers) resulting from exciton
decay [R. T. Williams, B. B. Craig, and W. L. Faust, Phys.
Rev. Lett. 52, 1709 (1984)].

11G, D. Watkins, J. Phys. Soc. Jpn., Suppl. II, 18, 22
(1963).

12D. J. Dunstan, J. E. Nicholls, B. C. Cavenett, J. J.
Davies, and K. V. Reddy, Solid State Commun. 24, 677
(1977).

13]. Schneider, B. Deschler, and A. Rauber, J. Phys. Chem.
Solids 29, 451 (1968).

4] J. Davies, R. T. Cox, and J. E. Nicholls, Phys. Rev. B
30, 4516 (1984).

2313



